Chondroitin sulfate (CS) proteoglycans are strong inhibitors of structural rearrangement after injuries of the adult CNS. In addition to CS chains, keratan sulfate (KS) chains are also covalently attached to some proteoglycans. CS and KS sometimes share the same core protein, but exist as independent sugar chains. However, the biological significance of KS remains elusive. Here, we addressed the question of whether KS is involved in plasticity after spinal cord injury. Keratanase II (K-II) specifically degraded KS, i.e., not CS, in vivo. This enzyme digestion promoted the recovery of motor and sensory function after spinal cord injury in rats. Consistent with this, axonal regeneration/ sprouting was enhanced in K-II-treated rats. K-II and the CS-degrading enzyme chondroitinase ABC exerted comparable effects in vivo and in vitro. However, these two enzymes worked neither additively nor synergistically. These data and further in vitro studies involving artificial proteoglycans (KS/CS-albumin) and heat-denatured or reduced/alkylated proteoglycans suggested that all three components of the proteoglycan moiety, i.e., the core protein, CS chains, and KS chains, were required for the inhibitory activity of proteoglycans. We conclude that KS is essential for, and has an impact comparable to that of CS on, postinjury plasticity. Our study also established that KS and CS are independent requirements for the proteoglycan-mediated inhibition of axonal regeneration/sprouting.
Introduction
The CNS extracellular matrix (ECM) may play a role in the maintenance of the neuronal network by inhibiting axonal growth and suppressing the formation of additional inadequate synapses. Upon neuronal injury, disorganized production of proteoglycans in the ECM is initiated, leading to the inhibition of structural rearrangement of the neuronal network. Among proteoglycans, chondroitin sulfate proteoglycans (CSPGs) have received particular attention; dystrophic end balls end in the CSPG deposition area at the injury site (Davies et al., 1999; Grimpe and Silver, 2004; Silver and Miller, 2004; Tom et al., 2004) , and CSPGs inhibit neurite outgrowth in vitro. The chondroitin sulfate (CS)-degrading enzyme chondroitinase ABC (C-ABC) promotes axonal regeneration after nigrostriatal tract transaction (Moon et al., 2001) , collateral sprouting of spared fibers in the cuneate nucleus after cervical spinal cord injury (SCI) (Massey et al., 2006) , and functional recovery after SCI (Bradbury et al., 2002) . Thus, the CS chains of the CSPG moiety seem to be principal for the CSPG-mediated inhibition of structural rearrangement.
Proteoglycans consist of a core protein and covalently attached long sugar chains of repeating disaccharide units with sulfation, or so-called glycosaminoglycans (GAGs). Four sulfated glycosaminoglycans are known, i.e., CS, dermatan sulfate, heparan sulfate, and keratan sulfate (KS). Most proteoglycans carry a single glycosaminoglycan (such as a CSPG or KSPG), but a few proteoglycans, e.g., aggrecan (KS/ CSPG), have two types of glycosaminoglycan.
KS is expressed in the rodent roof plate of the spinal cord, and is induced after SCI and injury in the brain (Snow et al., 1990a; Cole and McCabe, 1991; Geisert et al., 1996; Jones and Tuszynski, 2002; Krautstrunk et al., 2002; Moon et al., 2002) . In vitro digestion of KS restores neurite outgrowth on proteoglycan-coated substratum (Snow et al., 1990b; Powell et al., 1997) . Thus, KS has been implicated in the regulation of axon guidance and/or axonal regeneration/sprouting. However, its biological impact on neu-ronal injuries and the underlying mechanisms have been poorly studied. We have recently found that mice deficient in the enzyme N-acetylglucosamine 6-O-sulfotransferase-1 lose reactivity to the anti-KS antibody 5D4 in the brain, and show better axonal growth than wild-type mice after a cortical stab wound (Zhang et al., 2006) . We have also found that the mice deficient in this enzyme show better motor function recovery and enhanced axonal regeneration/sprouting after SCI (Ito et al., 2010) . However, as these knock-out mice lose N-acetylglucosamine 6-Osulfotransferase-1 in every cell in the body, critical questions remain to be answered, e.g., whether KS specifically works in the spinal cord, and how much impact KS has on functional disturbance. Furthermore, with regard to the functional redundancy between CS and KS, it is also an important question whether KS collaborates with CS, or works independently.
In the present study, we used keratanase II (K-II), which specifically degrades KS, and investigated the role of KS in postinjury plasticity. We found that KS and CS have a comparable impact on this form of plasticity. We also determined the structural basis of proteoglycan-mediated inhibition of neural plasticity.
Materials and Methods
Surgical procedure. Adult female Sprague Dawley rats weighing 200 -230 g were used in the study of SCI. The animals were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). After Th9 laminectomy, we exposed the dura mater and induced injury using a force of 200 kdyn using a commercially available SCI device (Infinite Horizon Impactor; Precision Systems and Instrumentation) that provided a consistent degree of spinal cord contusion injury. All injuries included the dorsal CST and dorsal gray matter. Immediately after the spinal cord contusion, we performed a Th12 partial laminectomy, inserted a thin silicone tube with an osmotic mini-pump into the subarachnoid cavity, and set the tube tip at the Th9 level under a surgical microscope. This tube was very soft and thin so that we could minimize damage to the spinal cord. The osmotic mini-pumps (200 l of solution, 0.5 l/h, 14 d delivery; Alzet pump model 2002 [Durect] ) were filled with K-II (0.05 U/200 l; purified from Bacillus circulans) (Yamagishi et al., 2003) , C-ABC (0.05 U/200 l) (Seikagaku), or saline (as a vehicle control). To determine an appropriate dose of C-ABC, we examined several doses and found that at the doses of 0.05, 0.1, and 1.0 U/200 l, C-ABC showed a comparable effect on motor function recovery, while the dose of 0.025 U/200 l showed a less potent effect (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Therefore, we used 0.05 U/200 l of C-ABC in this study.
The tube was sutured to the spinous process to anchor it in place, and the mini-pump was placed under the skin on the animal's back. Afterward, the muscles and skin were closed in layers. The bladder was compressed by manual abdominal pressure twice a day until bladder function was restored. Food was provided on the cage floor, and the rats had no difficulty reaching their water bottles. All animals were given antibiotics in their drinking water [1.0 ml of Bactramin (Roche) in 500 ml of acidified water] for 2 weeks after SCI. We excluded the rats without complete paraplegia on the next day after operation in all groups as they were inappropriate for further evaluation. Although the number of such rats was very small (ϳ1 of 70 rats after injury with our hands), we consistently found that rats without complete paraplegia showed a histology of incomplete injury of the spinal cord. However, no rats were excluded from any groups thereafter, with the exception of rats that had died. We performed postmortem histological measurement and found that all the dead rats had complete severe injury in the spinal cord (data not shown). Therefore, it was not likely that rats with serious spinal shock but minor injury were involved in the experiments in the current study. The number of rats undergoing operation and the number of rats evaluated in each experiment are summarized in Table 1 . All animals were treated and cared for in accordance with the Nagoya University School of Medicine Guidelines pertaining to the treatment of experimental animals.
Basso, Beattie, and Bresnahan open field locomotor test. The recovery of hindlimb motor function was assessed by determining the Basso, Beattie, and Bresnahan (BBB) scores (Basso et al., 1995) . The results were quantified in a blinded manner by two observers.
%Grip test. Paw placement for each limb on the grid bar was assessed as the animal walked on a plastic-coated wire mesh grid (50 cm length ϫ 33 cm width ϫ 20 cm height, with 2.5 ϫ 2.5 cm openings) for 3 min. Steps in which the paw gripped the grid bar and supported the animal's weight were counted as correct. The number of correct paw placements was expressed as a percentage of the total steps. The percentage of correct paw placements was calculated for each hindlimb and averaged.
Touch test. A touch test was performed preoperatively and then weekly after the operation. Rats were habituated for 30 min in elevated clear plastic cages with wire mesh grid floors. Graded von Frey hair (vFH) monofilaments were applied to the plantar surface of the foot, ϳ1 cm posterior to the footpad of the middle phalange with the up-down method using procedures described in detail previously (Hutchinson et al., 2004) .
Testing began with 15.14 g vFH applied to the hindpaw and continued until 10 trials per hindpaw were completed. Rats were given a food reward throughout testing to prevent visual recognition of the application of the monofilament. A trial was discarded and reperformed if vFH application lifted the paw, producing proprioceptive rather than tactile input. A positive response occurred when the paw was briskly withdrawn from the monofilament. The lowest gram force that produced withdrawal was designated as the response threshold. The thresholds of the bilateral hindpaws were averaged. It was previously determined that the average vFH hindpaw threshold in normal rats is 60 g; in the present study, therefore, we preoperatively excluded rats with a vFH threshold higher than this value. The examiners were blind to group assignment during the vFH testing.
Tail-immersion test. The tail-immersion test was used to determine the somatic thermo-threshold of rats preoperatively and then weekly after the operation. Briefly, rats were gently lifted from their home cages and taken to the test room, where the withdrawal latency of the tail to a temperature stimulus was measured by immersing the tail in a 55 Ϯ 0.5°C water bath. The cutoff time was set at 8 s to avoid skin damage. Rats underwent this test three times at intervals of 15 min. The measurements were averaged to obtain the withdrawal latency time in seconds. Between sessions, the rats were returned to their home cages. Based on the results, we preoperatively excluded rats with prolonged withdrawal latency. Examiners were blind to the group assignment during the tail-immersion test.
Western blotting. The 10-mm-long sections of the injured spinal cord at 1 week after SCI were dissected and homogenized in PBS including 1% Fig. 2A,B Triton X-100 and protease inhibitors solution (Sigma). Samples of the supernatant fraction were collected after centrifuging at 10,000 ϫ g for 30 min. Thirty microliters of each sample was applied and separated by electrophoresis on 6% SDS-PAGE. Proteins were then blotted onto nitrocellulose membranes. Blots were blocked with 5% fat-free dry milk in PBS for 60 min and incubated overnight at 4°C with the primary antibody anti-KS 5D4 (1 g/ml; Seikagaku) or anti-CS MC21C (1 g/ml; Seikagaku) in PBS containing 0.3% Triton X-100, washed, and then incubated with a second antibody, HRP-conjugated goat anti-mouse IgM (1/5000; Southern Biotechnology), at room temperature for 60 min. Anti-␤-actin antibody (1/100,000; Sigma) was also used as indicated. Bound antibodies were visualized with an ECL-plus Western blotting detection kit (GE Healthcare).
Immunohistochemistry and immunocytochemistry. After terminal anesthesia by ether hyperaspiration, rats were perfused transcardially with buffered 4% paraformaldehyde. The spinal cords and brains were removed, postfixed overnight, and then cryoprotected in buffered 30% sucrose the next night. Tissues were cut into 20 m sections with a cryostat and mounted on glass slides. The sections were blocked in PBS containing 3% BSA and 5% normal mouse serum for staining of biotinconjugated anti-KS 5D4 or blocked in PBS containing 1% BSA and 10% normal goat serum for other immunohistochemistry. The sections were then incubated with the primary antibodies to KS (5D4; Seikagaku), Iba1 (Wako Pure Chemical Industries), GAP-43 (Millipore), serotonin (5-HT, Immunostar), type IV collagen (LSL), and GFAP (Sigma). After rinsing, the sections were incubated with the secondary antibody for 60 min at room temperature: Cy3-or Cy2-conjugated streptavidin (Jackson ImmunoResearch), Cy3-conjugated goat anti-rabbit IgG (Zymed Laboratories), Cy3-conjugated goat anti-mouse IgM (Jackson ImmunoResearch), FITC-conjugated goat anti-rat IgG (Sigma), and Alexa Fluor 488 goat anti-mouse IgG (Invitrogen). Sections were then rinsed, mounted with FluorSave (Calbiochem), and examined by confocal microscopy (MRC 1024; Bio-Rad Laboratories).
Morphometry. The extent of axonal outgrowth of each wound area was assessed by counting signals visualized on staining with GAP-43 and 5-HT using serial sagittal 20 m sections. Morphometry analysis was performed using a computer-driven microscope stage (MetaMorph Offline, version 6.3r 2 ; Molecular Devices Corporation). In all sagittal sections shown here, the left side is rostral.
Anterograde labeling of the corticospinal tract. Eight weeks after injury, descending corticospinal tract (CST) fibers were labeled with biotin-dextran amine (BDA; 10% in saline, 3.5 l per cortex, molecular weight 10,000; Invitrogen) injected under anesthesia into the left and right motor cortices (coordinates, 2 mm posterior and 2 mm lateral to the bregma; 1.5 mm depth). For each injection, 0.25 l of BDA was delivered for a period of 30 s via a 15-20 m inner diameter glass capillary attached to a microliter syringe (ITO Corporation). Two weeks after BDA injection, the animals were killed by perfusion with PBS followed by 4% paraformaldehyde. The spinal cords were dissected, postfixed overnight in the same fixa- ϩ p Ͻ 0.05 versus 7 d; n ϭ 6 in each group. C-ABC, 0.05 U of C-ABC was administered to the spinal cord. C, Rats were treated with K-II or C-ABC for 1 week after spinal cord injury. A 10 mm specimen of the injured spinal cord was subjected to Western blot analysis for 5D4-reactive KS, MC21C-reactive CS, and ␤-actin. D, 5D4-reactive KS was visible in the penumbra region in vehicle-and C-ABC-treated rats, but not in K-II-treated rats. These rats were treated with the indicated enzyme for 1 week after spinal cord injury. Scale bars, 500 m. All photos are of sagittal sections with the left side rostral. E, Double staining for KS (5D4) and microglia (Iba1). The left panels show the intact spinal cord, and the right panels show the spinal cord 1 week after injury. Most 5D4-reactive cells overlapped Iba1-positive cells, which indicated that KS was mainly expressed by microglia. The left images showed ramified microglia expressing 5D4-KSPG. The right images show that 5D4-KSPG expression is seen on characteristic cellular profiles with short processes and a less ramified morphology after SCI. Scale bars, 20 m. Keratanase unit: One unit will liberate 1.0 mol of reducing sugar as 2-acetamido-2-deoxy-D-glucose from keratan sulfate per minute at pH 6.0 at 37°C. Chondroitinase unit: One unit will liberate 1.0 mol of 2-acetamido-2-deoxy-3-O-(␤-D-gluc-4-ene-pyranosyluronic acid)-6-O-sulfo-D-galactose from chondroitin sulfate C per minute at pH 8.0 at 37°C. ␣-Galactosidase unit: One unit will hydrolyze 1.0 mol of p-nitrophenyl-␣-D-galactopyranoside per minute at pH 6.5 at 37°C.
tives, and cryopreserved in 30% sucrose in PBS. A 20 mm length of spinal cord, 10 mm rostral and 10 mm caudal to the lesioned site, was embedded in Tissue-Tek OCT. These blocks were sectioned in the transverse plane (25 m). Sections were incubated in PBS with 0.3% Triton X for 4 h and then incubated for 2 h with Alexa Fluor 488-conjugated streptavidin (1:400; Invitrogen) in PBS with 0.05% Tween 20. We then took serial cross sections of the spinal cord and quantitatively analyzed the distribution of the axons. Degrees of BDA uptake were assessed by counting the total number of fibers in the cross section 10 mm rostral to the lesioned site, where the CST was intact.
For quantification of the number of labeled corticospinal axons 10 mm caudal to the lesion site, the number of labeled fibers was counted in the gray matter, the dorsal CST area (normal locations of the dorsal CST), or the white matter except for the dorsal CST area, and divided by the number of labeled corticospinal axons 10 mm above the lesion. The labeled fibers were counted using MetaMorph software (Molecular Devices Corporation). Light intensity and thresholding values were maintained at constant levels for all analyses.
Motor-evoked potential. In terminal electrophysiological experiments, after an intraperitoneal injection of ketamine (100 mg/kg), short trains of five square-wave stimuli of 0.5 ms duration at interstimulus intervals of 2 ms were delivered through the epidural electrode catheter at a point 10 mm rostral from the epicenter. The active electrode was placed in the muscle belly, and the reference electrode was placed near the distal tendon of the muscle in each gastrocnemius. The ground electrode was placed subcutaneously between the epidural electrode and the recording electrodes. The onset latency was measured as the length of time in milliseconds between the stimulus and the onset of the first wave. The duration was also measured as the length of time in milliseconds between the waves. One hundred responses were averaged and stored for off-line analysis.
Spinal cord-evoked potential after stimulation to the spinal cord. For sensory assessment, we performed spinal cord-evoked potential after stimulation to the spinal cord (sp-SCEP), which recognized extrapyramidal pathways including dorsal column axons (Sutter et al., 2007; Tamaki and Kubota, 2007) . Stimulations were delivered through the epidural electrode catheter at a point 10 mm caudal from the epicenter and measured at a point 10 mm rostral from the epicenter. The ground electrode was placed subcutaneously between the epidural electrodes. The onset latency and peak latency were measured as the length of time in milliseconds between the stimulus and the onset and the peak of the first wave, respectively. A total of 100 responses were averaged and stored for off-line analysis of the latency.
Measurement of CS and KS. After freeze-drying, each specimen was digested with 0.7 ml of 2.5% actinase E (Kaken Pharmaceutical Corporation) at 55°C for 24 h. The digest was then kept at 100°C for 5 min and centrifuged at 3000 rpm for 10 min. The CS concentration was determined according to the description of Shinmei et al. (1992) with some modifications. A 0.2 ml aliquot of the supernatant was digested with 250 mU of C-ABC (Seikagaku) and 25 mU of chondroitinase AC-II (Seikagaku) in 20 mM Tris-HCl buffer, pH 8, at 37°C for 2 h. The sample was ultrafiltrated using a Nanosep centrifugal device (molecular size cutoff 10,000; PALL), and the filtrate, which contained the unsaturated disaccharides ⌬di-0S, ⌬di-4S, and ⌬di-6S derived from CS, was analyzed by HPLC.
The KS concentration was measured according to the method of Shinmei et al. (1992) with some modifications. A 0.15 ml aliquot of the supernatant was digested with 1 mU of K-II (Seikagaku) in 20 mM sodium acetate buffer, pH 6, at 37°C for 3 h. The sample was then ultrafiltrated using a Nanosep centrifugal device, and the filtrate, which contained the saturated disaccharides ␤-galactosyl-(1-4)-6-O-sulfo-N-acetylglucosamine and ␤-6-O-sulfogalactosyl-(1-4)-6-O-sulfo-N-acetylglucosamine derived from KS, was analyzed by HPLC.
The HPLC system used in this study consisted of a Model 2000 highperformance chromatograph (Jasco) and a stainless steel column packed Motor function recovery by K-II after SCI. A, B, The BBB score and %grip test data after SCI. Recovery was significantly better in the K-II and C-ABC treatment groups than in the vehicle-administered control. Data represent the means Ϯ SEM. *p Ͻ 0.05; ***p Ͻ 0.005; ****p Ͻ 0.001 versus the vehicle control (n ϭ 10 K-II; n ϭ 7 C-ABC; n ϭ 10 Vehicle). C, Electrophysiologic tests using MEP also showed functional recovery in the treatment groups at 8 weeks after SCI. Data represent the means Ϯ SEM. *p Ͻ 0.05 versus the vehicle control (n ϭ 8 Sham; n ϭ 9 Vehicle; n ϭ 5 C-ABC; n ϭ 7 K-II; n ϭ 7 K-IIϩC-ABC). D, Motor function recovery after SCI in rats treated with K-II at various doses. K-II promoted functional recovery at a concentration of 0.05 U, and even restored motor function at concentrations of 0.005 U (1/10) and 0.0000025 U (1/2000). Data represent the means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005; ****p Ͻ 0.001 versus the vehicle control [n ϭ 7 K-II; n ϭ 5 K-II (1/10); n ϭ 6 K-II (1/2000); n ϭ 7 Vehicle]. E, Heat-denatured K-II failed to promote motor function recovery after spinal cord injury. Data represent the means Ϯ SEM. ***p Ͻ 0.005; ****p Ͻ 0.001 versus the vehicle control (n ϭ 7 K-II; n ϭ 5 Heat-denatured K-II; n ϭ 7 Vehicle). F, The combination of K-II and C-ABC did not show additive or synergistic effects on motor function (BBB score). Data represent the means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005; ****p Ͻ 0.001 versus the vehicle control (n ϭ 9 Vehicle; n ϭ 7 C-ABC; n ϭ 11 K-II; n ϭ 7 K-IIϩC-ABC).
with polyamine-bound silica (YMC gel PA-120; YMC). The disaccharides in each sample were eluted with a gradient of 0 -100 mM sodium sulfate. To the eluant from the column was added 100 mM sodium tetraborate buffer, pH 9, containing 1% 2-cyanoacetamide. The mixture was thermostated at 145°C, and the effluent was monitored by a fluoromonitor.
Cell culture. Sprague Dawley rats at postnatal days 7-9 were killed and their cerebella were collected. The meninges were carefully removed with fine forceps, and the tissues were minced and digested using a Papain Dissociation System (Worthington). Dissociated cells were applied to a 35/60% two-step Percoll gradient and centrifuged at 3000 ϫ g for 15 min. Cerebellar granule neurons at the interface were collected. Cells were suspended in Neurobasal medium (Invitrogen) supplemented with 2% B27 (Invitrogen), 2 mM glutamine, an additional 20 mM KCl, 50 U/ml penicillin, and 50 g/ml streptomycin.
Substrate preparation. Four-well chamber slides (Nunc) were coated with 20 g/ml poly-L-lysine (PLL) (Sigma) and left overnight at 4°C. They were then coated with the indicated substrates and left for 4 h at 37°C. If indicated, proteoglycans or aggrecan were treated with 200 mU/ml C-ABC, 500 mU keratanase, and 5 mU/ml K-II derived from Bacillus sp. Ks36 or 5 mU endo-␤-galactosidase (all from Seikagaku) in PBS at 37°C. Other substrate materials included poly-L-ornithine, aggrecan, and MAG (Sigma), Nogo and OMgp (R&D Systems), and KS and CS-C (Seikagaku).
Neurite outgrowth assay. Cerebellar granule neurons were seeded onto four-well chamber slides at 2.0 ϫ 10 5 /well. Twenty-four hours after seeding, the neurons were fixed with 4% paraformaldehyde/PBS and stained with anti-neuron-specific ␤-tubulin (Covance) to visualize the neurites. Neurite lengths were measured from at least 100 neurons per condition from duplicate wells, and quantified as described previously (Sivasankaran et al., 2004) .
For reducing/alkylating proteoglycans, 5 g of proteoglycans were suspended in 10 ml of 50 mM ammonium bicarbonate/PBS and reduced with 20 mM DTT for 60 min at 37°C. Then proteoglycans were alkylated with 10 mM iodoacetamide for 30 min at room temperature under dark condition. The proteoglycan solution was dialyzed against PBS for overnight and subjected to neurite outgrowth assay.
Preparation of GAG-BSA. CS-BSA was prepared as reported previously (Pumphrey et al., 2002) with minor modifications. Briefly, 20 mg of CS and 13 mg of BSA were linked using NaBH 3 CN. CS-BSA was purified using anionexchange chromatography (Q-Sepharose; GE Healthcare) followed by gel-filtration chromatography (Superose6 HR10/300; GE Healthcare) to remove free-BSA and free-CS, respectively. The protein concentration and KS concentration were quantified using a BCA Protein Assay Kit (Pierce) and HPLC analysis, respectively.
Because KS had an oligopeptide at its reducing end, we performed cross-linking between this peptide and BSA. Briefly, amino residues of this peptide were succinylated to inhibit self-crosslinking. Fifty-two milligrams of BSA and 20 mg of succinylated KS were cross-linked using N-hydroxysuccinimide (Pierce) and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (Pierce). KS-BSA was purified using anion-exchange chromatography (Q-Sepharose; GE Healthcare) followed by gel-filtration chromatography (Superose6 HR10/300; GE Healthcare) to remove free-BSA and free-KS, respectively. The protein concentration and KS concentration were quantified using a BCA Protein Assay Kit (Pierce) and a Sulfated Glycosaminoglycan Quantification Kit (Seikagaku), respectively. CS/KS-BSA was prepared by linking KS to CS-BSA. Statistical analysis. We performed statistical analysis with an unpaired two-tailed Student's t test for single comparisons and one-way ANOVA for multiple comparisons. For the BBB score, %grip test, touch test, and tail-immersion test, we used repeated-measures ANOVA and Tukey's test. In all statistical analyses, significance was accepted at p Ͻ 0.05.
Results

In vitro and in vivo degradation of KS by K-II
We purified K-II from B. circulans as previously described (Yamagishi et al., 2003) . Although the extracts of B. circulans showed both keratanase and chondroitinase activities, our stepwise protocol completely abolished the chondroitinase activity and purified K-II (Table 2) . Furthermore, it is known that the purified enzyme does not digest hyaluronic acid, heparan sulfate, or heparin (Yamagishi et al., 2003) . This enzyme is thermo-stable; indeed, it retained its enzymatic activity for at least 120 h at 37°C (100 Ϯ 1.606% at 0 h vs 91.9 Ϯ 4.014% at 120 h). Therefore, we decided to use this enzyme for in vivo experiments.
We asked whether K-II worked in vivo. To this end, we inflicted contusion injuries using a force of 200 kdyn in the rat spinal cord at the ninth thoracic vertebral level. This contusion model completely destroyed the dorsal columns and dorsal CST Figure 3 . Sensory function recovery by K-II after SCI. A, The tail-immersion test indicated that there was little allodynia in the K-II-and C-ABC-treated rats. Data represent the means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ****p Ͻ 0.001 versus the vehicle control (n ϭ 7 Sham; n ϭ 5 K-II; n ϭ 7 C-ABC; n ϭ 9 Vehicle). B, The touch test also indicated that there was little allodynia in the K-IIand C-ABC-treated rats. Data represent the means Ϯ SEM. *p Ͻ 0.05; ***p Ͻ 0.005 versus the vehicle control (n ϭ 7 Sham; n ϭ 5 K-II; n ϭ 7 C-ABC; n ϭ 9 Vehicle). C, Electrophysiologic tests using sp-SCEP showed not only motor functional recovery but also sensory recovery in the treatment groups at 8 weeks after SCI. The reinjury of K-II-treated rats lost the recovered response of sp-SCEP. Data represent the means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005 versus the vehicle control (n ϭ 8 Sham; n ϭ 7 Vehicle; n ϭ 5 C-ABC; n ϭ 6 K-II; n ϭ 5 K-IIϩC-ABC). D, The combination of K-II and C-ABC did not show additive or synergistic effects on sensory function (tail-immersion test). Data represent the means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.005; ****p Ͻ 0.001 versus the vehicle control (n ϭ 8 Sham; n ϭ 9 Vehicle; n ϭ 7 C-ABC; n ϭ 11 K-II; n ϭ 7 K-IIϩC-ABC). in the spinal cord. The injury was so severe that the lesion core, which was filled with collagen IV 1 week after injury, occupied a significant area of the spinal cord (data not shown). The injury sizes estimated by collagen IV or GFAP staining did not vary between individual rats (data not shown).
Disulfated KS contents in the injured region increased after injury, peaking at 7 d (Fig. 1 A) . CS-C contents also increased, peaking at ϳ7 d after injury (Fig. 1 B) , consistent with a previous report (Properzi et al., 2005) .
K-II (0.05 U) or C-ABC (0.05 U) was then locally administered to the injured site for 2 weeks after contusion injuries using an osmotic pump. Disulfated KS contents decreased to the noninjury level after K-II treatment (Fig. 1 A) . Western blot and immunohistochemical analyses revealed that the reactivity to KS antibody 5D4 was lost in rats treated with K-II for 7 d after injury, but not in C-ABC-treated rats (Fig. 1C,D) . The smear appearance in Western blot is probably due to the long sugar chains, and is the nature of proteoglycans. The granular staining profile in Figure 1 D represented the main source of KS expression, i.e., microglia ( Fig. 1 E) , which is consistent with previous reports (Jones and Tuszynski, 2002; Ito et al., 2010) . As disulfated KS was still detected after K-II treatment by disaccharide analysis using HPLC (Fig. 1 B) , the almost complete disappearance of KS in Western blot and immunohistochemistry may be due to the limited ability of the 5D4 antibody to detect KS.
To detect diffusion of infused enzyme, biotin-labeled K-II was infused and detected by immunohistochemistry. We found that the enzyme diffused to cover the most area of injury, but did not cover the whole spinal cord (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These data collectively demonstrated that K-II worked well in vivo, although it did not completely abolish KS.
The in vivo degradation of CS by C-ABC, but not that by K-II, was also confirmed by HPLC analysis (Fig. 1 B) and Western blot analysis (Fig. 1C) .
Motor function recovery by K-II
We next evaluated motor function recovery using the BBB score and %grip test. K-II led to a striking recovery of motor function; the effect was similar to that of C-ABC (Fig. 2 A, B; supplemental Tables 1, 2, available at www.jneurosci.org as supplemental material). There was no significant difference in motor function between the K-II-and C-ABC-treated groups (Fig. 2 A, B) . The observed motor function recovery was confirmed by an electrophysiological technique, motor-evoked potential (MEP) monitoring, in which an electric stimulus is given at the thoracic level (Th7), and a response is taken at the gastrocnemius muscles ( Fig.  2C ; supplemental Table 3 , available at www.jneurosci.org as supplemental material). K-II also showed significant functional recovery after SCI even at lower doses, e.g., as low as 2000ϫ dilution (Fig. 2 D; supplemental Table 4 , available at www.jneurosci.org as supplemental material). No significant differences were observed between the K-II-, K-II (10ϫ dilution)-, and K-II (2000ϫ dilution)-treated groups (Fig. 2 D) . Consistent with this finding, K-II and K-II (2000ϫ dilution) decreased disulfated KS contents in the spinal cord to similar extents (Fig. 1 A) . This functional recovery was due to the enzymatic activity of K-II, as heatinactivated K-II did not promote motor function recovery at all (Fig. 2 E; supplemental Table 4 , available at www.jneurosci.org as supplemental material).
Interestingly, even though K-II or C-ABC treatment promoted the recovery of motor function, the combination of these two enzymes showed neither additive nor synergistic effects ( Fig.  2C,F; supplemental Tables 3, 5, available at www.jneurosci.org as supplemental material).
Sensory function recovery by K-II
SCI induced thermal hyperalgesia and mechanical allodynia (Fig.  3 A, B) . The tail-immersion test and touch test showed that thermal hyperalgesia and mechanical allodynia were ameliorated by K-II or C-ABC treatment, reaching an almost normal level 10 weeks after injury (Fig. 3 A, B) . sp-SCEP, in which an epidural electric stimulus was given at the Th11 level and a response was taken at the Th7 level, was performed 8 weeks after injury. The results of this test support the idea that the sensory function was recovered by K-II or C-ABC treatment (Fig. 3C) . The reinjury of K-II-treated rats lost the recovered response of sp-SCEP (Fig.  3C) , and the results were consistent with those of previous reports (Rapalino et al., 1998; Bradbury et al., 2002) .
As seen in motor function recovery, the combination of K-II and C-ABC showed neither additive nor synergistic effects on sensory function recovery (Fig. 3C,D) .
Histological analysis of functional recovery after SCI
We reconstructed the serial section of the spinal cord using all of the 50 -60 serial longitudinal sections per rat and estimated the number of fibers strained for GAP-43 or 5-HT. The GAP-43 and 5-HT data from the vehicle and treated groups were compared with sham-lesioned controls and expressed as a percentage along the longitudinal axis of the spinal cord (Fig. 4 A, B) . We found that GAP-43 staining was significantly enhanced in both the rostral and caudal regions in K-II or C-ABC-treated rats compared with vehicle control rats (Fig. 4 B) . The raphespinal tract is partly responsible for motor function in rodents, and consists of serotonin (5-HT)-positive fibers. 5-HT staining showed a striking decrease in 5-HT-positive fibers in the rostral region, especially in vehicle control rats, but K-II and C-ABC significantly increased the number of stained fibers (Fig. 4 B) . On the other hand, in the caudal region, vehicle controls showed almost no stained fibers, whereas K-II and C-ABC significantly increased the number of stained fibers (Fig. 4 B) . Representative photos of GAP-45 and 5-HT staining around the lesion were presented in Figure 4C . These results are consistent with the idea that K-II or C-ABC significantly promoted axonal regrowth after SCI.
Furthermore, we performed anterograde labeling of CST to evaluate axonal growth and sprouting. In tracer fiber counts for the CST, we found many fibers stained in the region rostral to the epicenter (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). There was no difference among the three groups in the rostral region (Fig. 4 D) . BDA-positive fibers were barely detectable in the caudal region of the vehicle group (Fig.  4 D, E) . These findings support the idea that this contusion model almost completely destroyed CST at the epicenter, and thus BDA-4 (Figure legend continued. ) axons 10 mm rostral to the lesioned site. No significant difference was observed between treatment groups. The bottom graph represents the ratio of labeled corticospinal axons 4 and 10 mm caudal versus 10 mm rostral to the lesioned site. K-II-treated rats had significantly more BDA-positive fibers at 4 and 10 mm caudal to the lesioned site than vehicle-treated rats. Data represent the means Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.005 versus the vehicle control (n ϭ 7 Vehicle; n ϭ 6 C-ABC; n ϭ 5 K-II). E, Representative axial sections of the spinal cord taken from 10 mm caudal from the lesioned site at 10 weeks after SCI. The boxed areas are magnified on the right side of the panel. BDA-positive fibers were clearly seen in the section of K-II-treated rat (arrows). Scale bars, 500 m for the left panel; 100 m for the right panels. The thin silicone tube of an osmotic mini-pump (*) remained at a point 10 mm caudal from the epicenter. WM, White matter; GM, gray matter.
positive fibers hardly passed through the lesion to the caudal region in the vehicle group. In contrast, in K-II-and C-ABCtreated rats, the number of BDA-positive fibers was significantly increased in the region caudal to the epicenter, particularly in the gray matter in this region (Fig. 4D,E) . These BDA-positive fibers in the gray matter may reflect growth or sprouting of proximal or spared axons.
Restoration of neurite outgrowth by K-II
Proteoglycans purified from the brains of chicks contain both KS and CS. We previously determined 300 ng/ml as the appropriate concentration of proteoglycans to coat dishes, which did not affect cell attachment but inhibited neurite outgrowth (Ito et al., 2010) . Accordingly, the substratum coated with these proteoglycans strongly inhibited neurite outgrowth (Fig. 5A,B) , whereas cell binding to the substratum was comparable between conditions tested (Fig.  5A) . The proteoglycan-mediated inhibition of neurite growth was blocked by K-II and C-ABC, and the effects of K-II and C-ABC were comparable to each other, and also consistent with our previous study (Ito et al., 2010) . To our surprise, the combination of K-II and C-ABC showed neither synergistic nor additive effects (Fig. 5B) . Thus, these in vitro results were consistent with the in vivo phenomena. We also found that heatdenatured proteoglycans as well as reduced/ alkylated proteoglycans lost their inhibitory activity (Fig. 5C) , suggesting that the conformation of the core protein structure is also essential to this inhibition, since proteins rather than sugar chains are labile to heat or reduction/alkylation.
As K-II digests KS into oligosaccharides that are each composed of two to four saccharides, we addressed whether or not these degradation products of KS reversed the proteoglycan-mediated inhibition of neurite growth. However, KS-derived oligosaccharides (Fig. 5D) showed no promotion of neurite growth (Fig. 5E ). These results exclude the possibility that the K-II-induced degradation products of KS promote neurite outgrowth, and suggest that K-II directly blocks the inhibition of neurite outgrowth by proteoglycans.
Neurite growth inhibition by KS/CSPG
Based on these in vivo and in vitro results, we hypothesized that K-II and C-ABC work on the same axis. We chose aggrecan as a model molecule, as it harbors both KS and CS chains (Fig. 6 A) and is a representative proteoglycan in the CNS. Aggrecan strikingly inhibited axonal outgrowth ( Fig. 6 B, C) , consistent with previous studies (Asher et al., 1995; Johnson et al., 2002) . The inhibition by aggrecan was as strong as that by a mixture of proteoglycans (Fig. 6C) . Interestingly, this inhibition was reversed by C-ABC as well as K-II. Furthermore, the combination of these enzymes did not show additive or synergistic effects (Fig. 6C) .
While K-II digested monosulfated and disulfated KS, keratanase digested monosulfated KS but not disulfated KS. The latter also reversed aggrecan-mediated inhibition of neurite outgrowth (Fig. 6 B, C) . Endo-␤-galactosidase, which digests KS and polylactosamine, provided the same effect (Fig. 6 B, C) . These results collectively indicate that KS of aggrecan is required for the aggrecan-mediated inhibition of neurite outgrowth.
We then generated an artificial proteoglycan consisting of BSA, KS, and CS. In this experiment, we tried to understand how the three components of KS/CSPG (core protein, CS chains, and KS chains) are needed to exert the inhibitory activity. The estimated ratios of the core protein (BSA), CS, and KS in KS/CS-BSA were 1:30:84. Because the ratio in human aggrecan is 1:100:60 (Kiani et al., 2002) , KS/CS-BSA was considered suitable for examining the function of KS, CS, and the core protein.
However, KS/CS-BSA failed to inhibit neurite outgrowth (Fig. 6 D) . KS-BSA and CS-BSA also failed to do so (Fig. 6 D) .
Discussion
So far, KSPGs and CSPGs have been studied independently, and KSPGs have not been extensively studied. Our study has integrated KS and CS into a common axis. K-II and C-ABC strikingly promoted functional recovery after SCI. GAP-43, 5-HT staining, and CST tracer fiber count were significantly enhanced in K-II-or C-ABC-treated rats compared with vehicle control rats. Although the striking functional recovery may not be necessarily consistent with the data from the histological analyses, this may have been partly due to the limited ability to detect outgrowing axons by the antibodies and the tracer compound used. We found that the effects of K-II and C-ABC on in vivo functional disturbance after SCI and in vitro neurite outgrowth inhibition mediated by proteoglycans were comparable to each other. However, both in vivo and in vitro, the combination of these two enzymes showed neither additive nor synergistic effects. It should be noted that the peptide linkage region for CS always consists of xylose, galactose, and glucuronic acid, whereas the KS chain is elongated from ordinary N-linked or O-linked sugar chains. Thus, each glycosaminoglycan exists as an independent sugar chain. For example, human aggrecan is composed of a core protein and CS and KS chains at a ratio of 1:100:60 (Kiani et al., 2002) . Together, our study has established that KS and CS are independently required for the inhibition of postinjury neural plasticity and neurite outgrowth.
Furthermore, we found that neurite outgrowth was not inhibited by heat-denatured proteoglycans or by reduced/alkylated proteoglycans. This inhibition was also not achieved by an artificial KS/CSPG, KS/CS-albumin, whereas the natural KS/CSPG aggrecan inhibited neurite outgrowth. Our results thus far obtained are summarized in Figure 7A . Our data suggest that the three components (KS, CS, and core protein) of the proteoglycan moiety are interdependent and required for proteoglycanmediated inhibition of structural rearrangement after neuronal injuries.
It is important to point out that there is a much smaller amount of KS than CS in the CNS, and our data supported this idea (Fig. 1 B, C) . The family of KSPGs is also smaller than that of CSPGs (Margolis and Margolis, 1993; Funderburgh, 2000 Funderburgh, , 2002 . In this context, it was surprising to us that K-II shows activity Figure 6 . Effects of KS/CSPGs on neurite outgrowth. A, Bovine aggrecan was digested with C-ABC (500 mU/ml) and subjected to SDS-PAGE using 5D4. Note that C-ABC treatment exposed KS epitopes. B, P8 rat cerebellar granule neurons were cultured on aggrecan (5 g/ml). Degradation of CS or KS restored neurite outgrowth. Scale bar, 100 m. C, The quantification of B. Data represent the average neurite length Ϯ SD. *p Ͻ 0.05 versus PLL. D, There was no inhibition of neurite outgrowth by CS-BSA, KS-BSA, or KS/CS-BSA (300 ng/ml each). Data represent the average neurite length Ϯ SD. *p Ͻ 0.05 versus PLL.
comparable to that of C-ABC in vivo and in vitro. Although further investigations are needed, we speculate the following mechanism (summarized in Fig. 7B ), based on our observations. First, although KS is composed of repeating disaccharide units, the composition is heterogeneous, i.e., there are highly sulfated disaccharide clusters as well as poorly sulfated disaccharide clusters in a KS chain. Therefore, it is conceivable that there is a functional domain in a KS chain (e.g., a highly sulfated stretch of 6 -8 saccharides). This is also the case in a CS chain (there are 4 different sulfation variations in CS-CS-A, -C, -D, and -E units). Second, these functional domains may appear more frequently in KS than in CS. Finally, these functional domains may be recognized independently by specific receptors so that KS and CS are independently required for the inhibition of neurite outgrowth (Fig. 7B ). Our idea is partly supported by the recent report that PTP is the receptor for CS (Shen et al., 2009; Coles et al., 2011) . However, there is another possibility. C-ABC might not be very stable, although a significant portion of CS appeared to be lost by C-ABC treatment on Western blot analysis (Fig. 1C) . Thus, we should not exclude the possibility that an insufficient in vivo digestion of CS by our current method led to the lack of synergism of K-II and C-ABC.
Reported data regarding the biological impacts of KS and CS on neurite outgrowth have been contradictory. For example, Powell et al. (1997) reported in vitro data that showed the effects of CS and KS are similar, but that enzymatic treatment with C-ABC and keratanase is synergistic. In contrast, Snow et al. (1990b) showed that in vitro enzymatic removal of KS and CS from CSPGs differ with regard to neurite behavior (CS is stronger than KS). Furthermore, in cultured hippocampal slices, keratanase, but not C-ABC, leads to misrouting of mossy fibers (Butler et al., 2004) . In the present study, we conducted experiments both in vivo and in vitro to address the same issue. Our study has revealed that KS and CS are independent requirements for the proteoglycan-mediated inhibition of postinjury neural plasticity in vivo. Taking into account that the K-II used for in vivo experiments in the present study is relatively stable at 37°C and has a wide window of therapeutic doses, our in vivo data may be reliable. In vitro results were consistent with in vivo data. Although discrepancy between reports might be due to different conditions examined, our results may provide a hint for further studies on molecular mechanisms of the neural plasticity regulation by proteoglycans.
The functional recovery by K-II or C-ABC after SCI may not simply rely on neurite outgrowth promotion by these enzymes. The ECM surrounding neurons forms a lace-like structure, the so-called perineuronal net (Takahashi-Iwanaga et al., 1998) , and is essentially composed of hyaluronic acid and proteoglycans. Perineuronal nets are prominent on GABAergic interneurons, but can be detected on virtually all neurons (Celio and Blümcke, 1994; Celio et al., 1998; John et al., 2006) . This ECM may inhibit structural rearrangements at synapses, thereby contributing to the maintenance of neuronal networks; this idea is supported by recent works showing that C-ABC promotes synaptic plasticity and dendritic spine dynamics (Pizzorusso et al., 2002 (Pizzorusso et al., , 2006 Berardi et al., 2004; Oray et al., 2004) . C-ABC restores the plasticity of not only sensory networks but also emotional networks (Pizzorusso et al., 2002; Gogolla et al., 2009 ). Furthermore, hyaluronidase, a hyaluronic acid-degrading enzyme, and C-ABC increase AMPA receptor lateral mobility, and consequently modulate short-term synaptic plasticity (Frischknecht et al., 2009) . Considering these data together, our results suggest that K-II and C-ABC may remove the ECM and promote structural rearrangement of neuronal networks after SCI. In this context, it is an interesting challenge to ask whether K-II also restores ocular dominance plasticity in adults.
Regarding the lateral mobility of membrane molecules such as AMPA receptor on dendrites, the ECM works as a viscous diffusion constraint that slows and confines the mobility of molecules entering the ECM-covered compartments (Frischknecht et al., 2009 ). Thus, a general function of the ECM is to act as a passive barrier. On the other hand, it has recently been reported that PTP acts as a receptor for CS and mediates the inhibitory activity of CSPGs on axonal regeneration (Shen et al., 2009) . Our data raise the intriguing possibility that a KS-specific receptor may also exist (Fig. 7B) .
It is also important to consider that KS degradation within the intact area may cause maladaptive plasticity if K-II affects the ECM structure. However, as shown in Figure 3 , K-II administration promoted recovery from thermal hyperalgesia and mechanical allodynia. Thus, the delivery method used in our study could minimize the unwanted adverse effect of KS degradation. Supporting this idea, we observed that in vivo KS degradation by K-II Figure 7 . Structure and function relationship in the proteoglycan (PG)-mediated inhibition of neurite growth. A, The present study has revealed that KS and CS have a comparable impact on PG-mediated inhibition of neurite growth. Considering our previous results that neither KS nor CS is sufficient for neurite growth inhibition (Ito et al., 2010) , our data suggest that all three components of the proteoglycans moiety (core protein, CS, and KS) are required for this inhibition activity. B, This scheme shows a speculated mechanism underlying the PG-mediated inhibition of axonal growth.
was good enough to promote functional recovery, but not completely abolish KS, probably due to a limited diffusion of infused enzyme.
In addition to the therapeutic effects of K-II on SCI, we also noticed that the functional recovery induced by K-II or C-ABC was not complete. Therefore, further improvement of a therapeutic strategy for SCI must be considered. García-Alías et al. (2009) recently reported that a combination of C-ABC and rehabilitation leads to a striking functional recovery after SCI at the cervical level. Even if our present results suggest that K-II or C-ABC may promote not only axonal regrowth but also neural plasticity related to motor and sensory function, other efforts, such as rehabilitation, to improve the reestablishment of neural circuitry would be helpful to realize a satisfactory treatment for SCI.
